
I -  
: ‘  
I 

N 
0 II) 

c 
.. .= 

e 
r’ 
a e 

/ 
(CODE) 

i 

Hard copy (HC) =-. [ 7,‘ +,’ 
f--? / 

Microfiche (MF) / -’> 

ff 653 July 85 

‘l 

I :  P R I N C E T O N  U N I V E R S I T Y  
DEPARTMENT OF 

AEROSPACE AND MECHANICAL SCIENCES 



1 . 
NATIONAL AERONAUTICS 

AND SPACE ADMINISTRATION 

R e s e a r c h  G r a n t  N s G - 3 0 6 - 6 3  
J 

' v  

PULSED ELECTROMAGNETIC 

GAS ACCELERATION 

Seventh S e m i - A n n u a l  Progress R e p o r t  

1 J u l y  1965 to  3 1  D e c e m b e r  1965 

R e p o r t  N o .  634f 

. P r e p a r e d  by: 
-EP-LI& R o b e r t  / *  G. Y $ f d L  a h n  

A s s o c i a t e  Professor 
and R e s e a r c h  Leader 

.i n i 
Woidemar F. von Uskowsky 

and:  h ) w  3 .  

R e  s e arch Engine e r - v  

R e p r o d u c t i o n ,  t r a n s l a t i o n ,  p u b l i c a t i o n ,  u s e  and d i sposa l  i n  
w h o l e  o r  i n  par t  by  o r  f o r  t he  U n i t e d  S ta tes  G o v e r n m e n t  i s  
permi t ted .  

J a n u a r y  1, 1966 

G u g g e n h e i m  Laboratories for t h e  A e r o s p a c e  P r o p u l s i o n  Sciences 

PRINCETON U N I V E R S I T Y  
Pr ince ton ,  N e w  Je rsey  

D e p a r t m e n t  of A e r o s p a c e  and M e c h a n i c a l  Sciences 



* I 

Abstract  

. 

A s e l e c t i o n  of phys ica l  p rocesses  i m p l i c i t  i n  
pulsed plasma propuls ion a re  under s tudy by a v a r i e t y  of 
experimental  and t h e o r e t i c a l  techniques.  Some processes  
a r e  s t u d i e d  i n  well-defined, closed-chamber d i scha rges  
where they  are h igh ly  reproducible  and a c c e s s i b l e  t o  
p r e c i s e  probing and a n a l y s i s ;  o t h e r s  a r e  s t u d i e d  i n  an 
exhaust-to-vacuum environment more c l o s e l y  s imula t ing  space 
ope ra t ion .  A s  examples, d e t a i l e d  measurements of r a d i a l  
and a x i a l  e l e c t r i c  f i e l d  components w i t h i n  closed-chamber 
d ischarge  cu r ren t  s h e e t s  a r e  combined wi th  ear l ier  d a t a  
on magnetic f i e l d  and cur ren t  d e n s i t y  d i s t r i b u t i o n s  i n  t h e  
same s h e e t s  t o  y i e l d  a more complete p i c t u r e  of t h e  gas  
a c c e l e r a t i o n  and c u r r e n t  conduction processes  on a microscopic  
scale. Likewise, an u l t r a -h igh  speed p i e z o e l e c t r i c  p re s su re  
t r ansduce r  has  been developed t o  e s t a b l i s h  t h e  p o s i t i o n  of 
t h e  gasdynamic p res su re  f ron t  wi th  r e spec t  t o  t h e  c u r r e n t  
s h e e t ;  and a 4 mm. microwave probe provides  a s i m i l a r  
c o r r e l a t i o n  f o r  t h e  p r o f i l e s  of free e l e c t r o n  d e n s i t y .  
Magnetic probe s t u d i e s  i n  one p a r t i c u l a r  t ype  of c losed  
chamber d ischarge  have revealed a spontaneous b i f u r c a t i o n  
of t h e  c u r r e n t  shee t  a t  a c r i t i c a l  r a d i a l  p o s i t i o n ,  
y i e l d i n g  a " f a s t "  and "slow" component of unexplained 
o r i g i n .  

The exhaust of pulsed plasmas t o  a vacuum has been 
s t u d i e d  photographica l ly  and with magnetic probes and ion  
c o l l e c t o r s .  A tendency t o  s t a b i l i z a t i o n  of t h e  c u r r e n t  
p a t t e r n s  i n  t h e  exhaust  plume has  been observed while  t h e  
plasma e j e c t i o n  process  continues unabated. This  conversion 
from a c u r r e n t  shee t  "sweeping" mode which i n i t i a t e s  t h e  
a c c e l e r a t i o n  process ,  to  a steady-flow, magnetogasdynamic 
"pumping:' mode, sugges ts  seme re levance t o  t h e  c u r r e n t l y  
popular  "Magnetoplasmadynamic Arc. !! 

I n  a d d i t i o n  t o  t h e  development of  s u i t a b l e  d i a g n o s t i c  
dev ices ,  e f f o r t  has been expended on des ign  and c o n s t r u c t i o n  
of c e r t a i n  p e c u l i a r  ope ra t iona l  equipment r equ i r ed  f o r  t h i s  
program. A series of v e r s a t i l e ,  h igh  performance c a p a c i t o r s  
s u i t a b l e  f o r  low impedance pulse-forming l i n e s  are being 
developed i n  cooperat ion with a n  i n d u s t r i a l  l abo ra to ry .  
Likewise, a l a r g e  P lex ig l a s  vacuum tank  has  been b u i l t  and 
i n s t a l l e d  t o  provide an optimum environment f o r  t h e  plasma 
exhaust  s t u d i e s .  
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I . INTRODUCTION 

* 

This  r e s e a r c h  program has a t t a i n e d  a l e v e l  of  o p e r a t i o n  
and o r g a n i z a t i o n  o f  i t s  s t u d i e s  t h a t  p rec ludes  d e t a i l e d  review 
of a l l  accomplishments o f  a given r e p o r t i n g  pe r iod  i n  a s i n g l e  
document o f  t h i s  s o r t .  The bulk o f  t h i s  in format ion  i s  better 
p resen ted  i n  t h e  s e v e r a l  j ou rna l  a r t ic les ,  l e c t u r e s  and p r e p r i n t s  
for  t e c h n i c a l  s o c i e t y  meetings, and i n d i v i d u a l  t e c h n i c a l  r e p o r t s  
which have been i s sued  dur ing  t h i s  per iod ,  and are now on f i l e  
i n  t h e  p r o j e c t  to This  s t a t u s  r e p o r t  w i l l  
t h e r e f o r e  conf ine  i t s e l f  t o  p r e s e n t a t i o n  of  a few o f  t h e  m o s t  
i n t e r e s t i n g  a c t i v i t i e s  of  t he  past s i x  months which s e r v e  t o  
g i v e  t h e  f l a v o r  of  t h e  progress  of  t h e  program as a whole. 

For t h e  f i rs t  t i m e  s ince  t h e  beginning of t h i s  program, 
a s u b s t a n t i a l  f r a c t i o n  of the  e f f o r t  o f  t h i s  p e r i o d  has  been 
i n v e s t e d  i n  t h e  des ign ,  c o n s t r u c t i o n ,  and t e s t i n g  of  a f a c i l i t y .  
Here to fo re ,  no s i n g l e  p i e c e  of appa ra tus  has  been r e q u i r e d  whose 
c o n s t r u c t i o n  has  involved any  s i g n i f i c a n t  d i v e r s i o n  o f  t h e  u s u a l  
r e s e a r c h  e f f o r t .  E a r l y  i n  t h e  p r e s e n t  pe r iod ,  however, it 
became impera t ive  t o  address  o u r s e l v e s  t o  t h e  implementation 
o f  a l a r g e ,  d i e l e c t r i c  vacuum tank,  i f  our  program o f  plasma 
exhaus t  s t u d i e s  w a s  t o  proceed t o  i t s  f u l l  p o t e n t i a l .  This  
implementation has  been a major e f f o r t  o f  t h e  p a s t  s i x  months, 
b u t  it i s  now e s s e n t i a l l y  complete,and has provided u s  w i t h  
a unique f a c i l i t y .  It seems a p p r o p r i a t e ,  t h e r e f o r e ,  t o  i nc lude  
s o m e  d e s c r i p t i o n  of t h e  des ign ,  c o n s t r u c t i o n ,  and t e s t i n g  of  
t h i s  f a c i l i t y  i n  t h e  f i n a l  s e c t i o n  o f  t h i s  report. 

A second a t y p i c a l  a c t i v i t y  o f  t h i s  r e p o r t i n g  p e r i o d  w a s  
t h e  beginning of a coopera t ive  e f f o r t  w i th  a s m a l l  capacitor 
manufactur ing f i r m  t o  desiyfi and c o n s t r u c t  more versati le,  
h i g h  performance energy s to rage  u n i t s  t han  a r e  commercially 
a v a i l a b  . I n  accordance wi th  t h e  s t a t e d  p roposa l  f o r  t h i s  
work, I-” s e v e r a l  c o n s u l t a t i o n s  w i t h  t h e  Corson Manufacturing 
Corp. have l e d  t o  c o n s t r u c t i o n  o f  var ious  exper imenta l  u n i t s  
which show promise of achieving t h e  d e s i r e d  c h a r a c t e r i s t i c s .  
T h i s  work i s  desc r ibed  i n  Sec t ion  VII. 

The o t h e r  s e c t i o n s  of t h i s  report d e a l  w i t h  s p e c i f i c  
d i a g n o s t i c  s t u d i e s ,  each of which consumes t h e  major e f f o r t  
o f  one o r  m o r e  of  t h e  graduate  s t u d e n t s  a s s o c i a t e d  w i t h  t h i s  
l a b o r a t o r y ,  and each of  which w i l l  u l t i m a t e l y  be t h e  basis  
f o r  a Ph.D. t h e s i s  i n  t h i s  area. 

1 



11. ELECTRIC FIELD PROFILES I N  THE CURRENT SHEET 
( Burt on) 

Previous semi-annual r e p o r t s  have d e a l t  e x t e n s i v e l y  
w i t h  magnetic f i e l d  d i s t r i b u t i o n s  i n  c losed  chamber p inch  
discharges.1-4812814,2g It has been shown c o n c l u s i v e l y  
t h a t  a t h i n  c u r r e n t  s h e e t ,  ca r ry ing  hundreds o f  ki loamperes ,  
p ropagates  from t h e  o u t e r  wal l  t o  t h e  center.  The r ( t )  
t r a j e c t o r y  o f  t h i s  s h e e t  agrees  c l o s e l y  wi th  t h a t  p r e d i c t e d  
by a snowplow a n a l y s i s ,  thereby implying t h a t  heavy argon 
p a r t i c l e s ,  i o n s  o r  n e u t r a l s ,  a r e  being e f f e c t i v e l y  a c c e l e r a t e d  
by t h e  c u r r e n t  shee t .  The purpose of t h e  p r e s e n t  s t u d y  i s  t o  
sea rch  f o r  i n t e r n a l  e l ec t r i c  f i e l d s  which may c o n t r i b u t e  t o ,  
o r  ar ise  from t h e  a c c e l e r a t i o n  of  argon i o n s  by t h e  s h e e t .  

The e l ec t r i c  f i e l d  sensor  used i n  t h i s  experiment i s  
e s s e n t i a l l y  a c o a x i a l  double probe f i r s t  developed by 
Lovberg.II- l  
t h e  n e c e s s i t y  f o r  an extremely h igh  common mode r e j e c t i o n  r a t i o  
t o  s e p a r a t e  t h e  d e s i r e d  s i g n a l  from t h e  i n t e n s e  background no i se  
i n  t h e  d ischarge .  A photograph of  t h e  dev ice  as f i n a l l y  p e r f e c t e d  
i s  shown i n  Fig. 1 a long  with a convent iona l  magnetic probe c o i l .  
F igu re  2 d i s p l a y s  a schematic o f  t h e  system, i n d i c a t i n g  t h e  
e s s e n t i a l  components: 1) a r i n g  and b a l l  e l e c t r o d e  p a i r ,  
s e p a r a t e d  a long  t h e  r i n g  a x i s  by 2 mm.; 2) a pa ra l l e l  v a r i a b l e  
r e s i s t o r  R, which c o n t r o l s  t he  c u r r e n t  drawn through t h e  plasma: 
3 )  an i s o l a t i o n - s t e p  down t ransformer  t o  p r o t e c t  t h e  o s c i l l o s c o p e  
from t h e  plasma p o t e n t i a l  ( s e v e r a l  k i l o v o l t s )  ; and 4) a Tek t ron ix  
555 d u a l  beam o s c i l l o s c o p e ,  w i t h  Type L p r e a m p l i f i e r ,  sweeping 
a t  0.2 psec/cm. The c i r c u i t  s u b t r a c t s  t h e  f l o a t i n g  p o t e n t i a l s  
o f  t h e  t w o  e l e c t r o d e s  immersed i n  t h e  plasma, and t h e  r e s u l t i n g  
d i f f e r e n c e  i s  s tepped down and d i sp layed  on t h e  scope sc reen  
as vo l t age  versus  t i m e .  This s i g n a l ,  d iv ided  by t h e  e l e c t r o d e  
spac ing ,  g ives  a good measurement of  t h e  e lec t r ic  f i e l d  i n  t h e  
d i r ec t i s ?  of t h e  proue axis.  Typ ica l  r eco rds  are shown i n  
F igs .  3 and 4, where r a d i a l  o r  a x i a l  e l e c t r i c  field i s  display2d 
on t h e  upper trace,  and t h e  ou tpu t  of  a magnetic probe c o i l  (Be)  
i s  shown f o r  comparison on t h e  lower trace. The maximum 
r a d i a l  e lectr ic  f i e l d  i s  250 volts/cm. and t h e  maximum a x i a l  
e lec t r ic  f i e l d  i s  500 volts/cm. 

The primary complicat ion i n  t h e  experiment i s  

Po in t  by p o i n t  surveys o f  t h e  r a d i a l  and a x i a l  e l ec t r i c  
f i e l d s  have been made every 1/8" i n  t h e  5" d iameter  machine, 
i n  120 argon,  i n i t i a l  vo l tage  10 KV. The r e s u l t s  o f  a r a d i a l  
survey  midway between t h e  e l e c t r o d e s  are shown i n  F igs .  5 
and 6, where r a d i a l  e lec t r ic  f i e l d  i s  p l o t t e d  ve r sus  r a d i u s  
a t  e i g h t  s e l e c t e d  t i m e s .  I n  a l l  ca ses  t h e  maxima of t h e  a x i a l  
and r a d i a l  f i e l d s  co inc ide .  Note t h e  a x i a l  f i e l d  is not  z e r o  
behind t h e  shee t ,  c o n s i s t e n t  w i th  t h e  change i n  magnetic f l u x  
a s s o c i a t e d  wi th  t h e  motion of  t h e  c u r r e n t  p a t t e r n .  
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I . 

I n t e r p r e t a t t o n  of t h i s  da ta  i s  not  y e t  complete. It  i s  
t e n t a t i v e l y  proposed t h a t  t h e  r a d i a l  e l e c t r i c  f i e l d  a r i s e s  
from t h e  i n e r t i a l  s epa ra t ion  of t h e  ions  and e l e c t r o n s  as 
t h e  l a t t e r  a r c  a c c e l e r a t e d  inward by t h e  self-magnet ic  f i e l d .  
Once e s t a b l i s h e d ,  t h i s  r a d i a l  e l e c t r i c  f i e l d  se rves  a d u a l  
purpose.  F i r s t ,  i t  a c c e l e r a t e s  t h e  e n t r a i n e d  ions  r a d i a l l y  
inward: second, it combines with t h e  az,limuthal magnetic f i e l d  
t o  c o n s t r a i n  t h e  e l e c t r o n s  t o  an a x i a l  E x 8, d r i f t ,  which 
c o n s t i t u t e s  t h e  bulk of t h e  a r c  c u r r e n t .  The observed p r o f i l e s  
of a x i a l  e l e c t r i c  f i e l d  seem c o n s i s t e n t  wi th  elementary 
cons ide ra t ions  of app l i ed  vol tage and back emf i n  t h i s  
environment. More d e t a i l e d  a n a l y s i s  of t h e  o r i g i n  and func t ion  
of t h e  i n t e r n a l  e l e c t r i c  f i e l d s  w i l l  be presented  i n  a Ph.D. 
t h e s i s ,  t o  be submit ted t h i s  sp r ing .  This  e l e c t r i c  probe w i l l  
a l s o  see ex tens ive  use i n  o the r  l abora to ry  s t u d i e s  i n  t h e  
coming months. 

r 
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111, PRESSURE MEASUREMENTS I N  CLOSED CHAMBER DISCHARGES 
(York, Holzhauer) 

The e f f e c t i v e n e s s  o f  pulsed plasma d i scha rges  as g a s  
a c c e l e r a t o r s  c l e a r l y  depends on t h e i r  a b i l i t y  t o  e n t r a i n  t h e  
ambient gas  i n  t h e  d i scha rge  chamber. Accordingly,  t h e  
r e l a t i o n  of  t h e  p r o f i l e s  o f  t o t a l  gas  d e n s i t y  t o  t h o s e  o f  
t h e  f i e l d s  and c u r r e n t s  i s  of pr imary i n t e r e s t .  Unfor tuna te ly ,  
d i r e c t  de t e rmina t ion  o f  d e n s i t y  p r o f i l e s  i s  i n h i b i t e d  by 
problems o f  t h e  magnitude and t h e  frequency o f  t h e  senso r  
response i n  such a dynamic s y s t e m .  The most promising i n d i r e c t  
de t e rmina t ion  of d e n s i t y  i s  v i a  t o t a l  gas  p r e s s u r e .  Even here ,  
s eve re  requirements  o n  s e n s i t i v i t y ,  r i s e  t i m e ,  and n o i s e  
d i s c r i m i n a t i o n  of t h e  d e t e c t o r  are imposed by t h e  exper imenta l  
c o n d i t i o n s ,  and on ly  h i g h l y  s o p h i s t i c a t e d  p i e z o e l e c t r i c  
techniques  w i l l  s u f f i c e .  

I n  p r i n c i p l e  t h e r e  a r e  two p o s s i b i l i t i e s  f o r  t h e  l o c a t i o n  
of  t h e  s enso r  e lement ,  e i t h e r  d i r e c t  c o n t a c t  o f  t h e  t r a n s d u c e r  
w i t h  the plasma, o r  i n d i r e c t  con tac t  by use  o f  a mechanical ly  
conduct ing l i n e  t o  guide t h e  p r e s s u r e  p u l s e  ou t  of  t h e  d i s c h a r g e  
chamber and t o  t h e  sensor .  I n  t h e  p r e s e n t  a p p l i c a t i o n  t h e  choice  
i s  e f f e c t i v e l y  l i m i t e d  t o  the  d i r e c t  c o n t a c t  probe because o f  
t h e  d e s i r e d  p r e c i s e  c o r r e l a t i o n  o f  p r e s s u r e  p a t t e r n s  wi th  t h o s e  
of  c u r r e n t  and luminos i ty :  thus  t h e  no i se  d i s c r i m i n a t i o n  
problem must be m e t  a t  i t s  worst .  

The p r i n c i p l e s  o f  ope ra t ion  of  a p i e z o e l e c t r i c  t r a n s d u c e r  
are w e l l  known and w i l l  no t  be r epea ted  here .  The des ign  o f  
t h e  p a r t i c u l a r  t r a n s d u c e r  used h e r e  i s  ske tched  i n  F ig ,  7. 
A p i e z o e l e c t r i c  d i s c  (P2T-5, C l e v i t e  Corp.) i s  a t t a c h e d  t o  a 
backing rod wi th  s i m i l a r  a c o u s t i c  p r o p e r t i e s  ( e -g . ,  brass) 
u s i n g  Eccobond conducting epoxy. S i l v e r  p a i n t  s e r v e s  as t h e  
t o p  e l e c t r o d e ,  connect ing t h e  c r y s t a l  t o  t h e  o u t e r  b r a s s  
c y i i n d e r .  A fsw l 2 y e r s  of Zapon l acque r  are s u f f i c i e n t  t o  
s h i e l d  t h e  probe e l e c t r i c a l l y  f o r  a few d i scha rges ,  a f t e r  wiiich 
new c o a t i n g s  must be added. The complete u n i t  i s  i n s e r t e d  i n  
a nylon f i t t i n g  f o r  mounting i n  t h e  d i scha rge  chamber. The 
response  of t h e  t r a n s d u c e r s  i s  c a l i b r a t e d  by t e s t i n g  them i n  
t h e  end w a l l  o f  a s m a l l  shock tube,  where t h e y  are s u b j e c t e d  
t o  head-on r e f l e c t i o n  of t he  shock wave. A t y p i c a l  o s c i l l o g r a p h  
response  t o  such a t es t  i s  shown i n  Fig. 8. It i s  ev iden t  t h a t  
t h e  p r e s s u r e  p r o f i l e  i s  not  f a i t h f u l l y  preserved ,  b u t  t h e  f i r s t  
r i s i n g  p u l s e  i s  s u f f i c i e n t l y  f a s t  (approx. 0.1 psec)  t o  l o c a t e  
t h e  a r r i v a l  of  a p u l s e  wi th in  0 . 2  psec as d e s i r e d  i n  t h e  
d i s c h a r g e  a p p l i c a t i o n .  

With t h i s  understanding of  t h e  gauge response,  t h e  probe 
w a s  exposed t o  a ser ies  of  d i scha rges  i n  t h e  8" d iameter  p inch  
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chamber, d r i v e n  by a pulse-forming network p rov id ing  a 5 psec 
r e c t a n g u l a r  waveform. With the probe s u r f a c e  f l u s h  w i t h  t h e  
e l e c t r o d e  w a l l ,  t h e  g r a d i e n t  and magnitude o f  t h e  pas s ing  
p r e s s u r e  p u l s e  w a s  observed t o  i n c r e a s e  a s  t h e  p inch  approached 
t h e  c e n t e r  o f  t h e  chamber (Fig. 9a ) .  With a modified probe set  
on a nylon mounting f i x t u r e  so as t o  f ace  t h e  incoming p inch  
head-on, s i m i l a r  r e s u l t s  were ob ta ined ,  bu t  t h e  responses  w e r e  
of g r e a t e r  magnitude because o f  t h e  a s s o c i a t e d  s t a g n a t i o n  
e f f e c t s  (Fig.  9b ) .  

I n  a s e p a r a t e  series of experiments ,  a probe w a s  
f a s t ened  r i g i d l y  ad jacen t  t o  the p r e s s u r e  probe t o  o b t a i n  
precise c o r r e l a t i o n  of t h e  a r r i v a l  of  t h e  c u r r e n t  s h e e t  and 
p r e s s u r e  f r o n t .  It w?s observed t h a t  t h e  p r e s s u r e  p u l s e  a r r i v e s  
n o t i c e a b l y  a f t e r  t h e  B peak (Fig.  10 ) -  This  s e p a r a t i o n  o f  
c u r r e n t  s h e e t  and p r e s s u r e  f r o n t  has  been observed by o t h e r  
i nves t iga to r s=-h3  and has profound i m p l i c a t i o n s  f o r  t h e  model 
of t h e  gas  sweeping process .  For example, it immediately 
confuses  a l l  concepts  o f  a c u r r e n t  " p i s t o n "  d r i v i n g  a gasdynamic 
shock, s i n c e  t h e  shock i n  t h i s  obse rva t ion  t r a i l s  t h e  "p i s ton" .  

Before pursu ing  t h i s  obse rva t ion  i n  g r e a t e r  d e t a i l ,  it 
seems worthwhile t o  a t tempt  development of  a t r a n s d u c e r  which 
has not  o n l y  t h e  necessary  rise t i m e ,  b u t  a l so  reproduces t h e  
l a t e r  d e t a i l s  of t h e  p re s su re  p u l s e  m o r e  f a i t h f u l l y .  It i s  
apparent  f r o m  probe responses such as Fig. 8 t h a t  t w o  t ypes  
of  c r y s t a l  o s c i l l a t i o n  a r e  occurr ing:  1) s h o r t  pe r iod  
o s c i l l a t i o n s  (approx. 0 . 2  psec) a p p a r e n t l y  due t o  t h i c k n e s s  
v i b r a t i o n s ,  and 2) long per iod  o s c i l l a t i o n s  (approx. 2 psec) 
a p p a r e n t l y  due t o  r a d i a l  o s c i l l a t i o n s ;  obvious ly  bo th  modes are 
undes i r ab le .  The t h i c k n e s s  o s c i l l a t i o n  mode can be a t t r i b u t e d  
t o  t h e  i n a b i l i t y  of t h e  a x i a l  stress wave t o  propagate  completely 
o u t  of  t h e  c r y s t a l  because a component i s  r e f l e c t e d  back a t  t h e  
c rys t a l -back ing  rod i n t e r f a c e  and t h e n  o s c i l l a t e s  w i t h i n  t h e  
c r y s t a l .  I d e a l l y ,  if t h e  c r y s t a l  and backing rod w e r e  p e r f e c t l y  
matched t h e r e  would be no r e f l e c t i o n ,  bu t  w i th  a bonding agent  
and nonuni formi t ies  a t  t h e  in te r face  this i s  d i f f i n I l t .  t o  
o b t a i n .  The r a d i a l  o s c i l l a t i o n  can be a t t r i b u t e d  t o  t h e  f a c t  
t h a t  t h e  c r y s t a l  i s  a f i n i t e  s i z e ,  t h r e e  dimensional  system 
and hence a stress a p p l i c a t i o n  i n  one d i r e c t i o n  a f f e c t s  t h e  
stress d i s t r i b u t i o n  i n  a l l  d i r e c t i o n s ,  i . e .  a x i a l  stresses 
induce r a d i a l  stresses which propagate  i n  a r a d i a l  mode. 
T h e o r e t i c a l  a n a l y s i s  o f  e i t h e r  system i s  d i f f i c u l t ,  even 
n e g l e c t i n g  t h e  ev iden t  i n t e r a c t i o n  o f  t h e  t w o  modes t o  produce 
a more complex behavior .  Systematic  v a r i a t i o n  of  s e v e r a l  f a c t o r s  
t h a t  would a f fec t  t h e  probe response has been performed expe r i -  
men ta l ly  and each  has  been found t o  have a c r i t i c a l  e f f e c t .  
S p e c i f i c a l l y :  t h e  th i ckness  o f  s i l v e r  p a i n t  f o r  t h e  e l e c t r o d e  
h a s  an optimum value ;  t h e  type o f  mater ia l  a t  t h e  s i d e s  of  t h e  
c r y s t a l  s e v e r e l y  a f f e c t s  t h e  r a d i a l  o s c i l l a t i o n :  t h e  r e l a t i v e  
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diameter  of t h e  c rys ta l -backing  rod d i r e c t l y  a f f e c t s  t h e  
r a d i a l  o s c i l l a t i o n s :  t h e  a c o u s t i c  match between c r y s t a l -  
backing rod bears on t h e  a x i a l  o s c i l l a t i o n s ;  t h e  c r y s t a l  
t h i ckness  d i r e c t l y  a f f e c t s  t h e  r ise t i m e  c h a r a c t e r i s t i c s .  

These e m p i r i c a l  s t u d i e s  cont inue  i n  an  a t tempt  t o  develop 
an optimum c o n f i g u r a t i o n  f o r  t h e  p r e s e n t  a p p l i c a t i o n .  A t  t h i s  
p o i n t  i t  appears  t h a t  t h e  r e l a t i v e  t i m e  of  a r r i v a l  of  t h e  
p r e s s u r e  p u l s e  can  be a c c u r a t e l y  determined,  and t h a t  a t  least  
approximate va lues  can be deduced f o r  t h e  magnitude of  t h e  
i n i t i a l  p r e s s u r e  p u l s e .  Accurate de t e rmina t ion  of  t h e  h i s t o r y  
of  p r e s s u r e  w i t h  t i m e  appears f a r  more cha l l eng ing ,  and w i l l  
h inge on c o n t r o l l i n g  t h e  spurious c r y s t a l  o s c i l l a t i o n s .  
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I V .  MICROWAVE PROBING OF CLOSED CHAMBER DISCHARGES 
( E l l i s )  

Microwave s t u d i e s  have been c a r r i e d  o u t  t o  determine 
some of t h e  f r e e  e l e c t r o n  p r o p e r t i e s  of  argon and helium 
d i scha rges  i n  t h e  8" diameter p inch  device .  Informat ion  i s  
c u r r e n t l y  be ing  ga thered  on e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  as 
a func t ion  of p o s i t i o n  and  t i m e  throughout t h e  d i s c h a r g e ,  t h e  
magnitude of e l e c t r o n - n e u t r a l  and e l e c t r o n - i o n  c o l l i s i o n  
f requencies ,  and t h e  inhomogeneity and asymmetry of t h e  plasma 
i n  t h e  v i c i n i t y  of  t h e  e l e c t r o d e s .  T h i s  in format ion  i s  
e s sen t i a l  t o  complete understanding of t h e  a c c e l e r a t i o n  process ,  
and microwave techniques  a r e  e s p e c i a l l y  a t t r a c t i v e  because t h e y  
in t roduce  minimal d i s tu rbances  i n t o  t h e  plasma under s tudy.  

Microwave s t u d i e s  prev ious ly  r e p o r t e d  have d e a l t  w i th  
t h e  de t e rmina t ion  of e l e c t r o n  d e n s i t i e s  by t h e  r e f l e c t e d  
ampli tude ~ n e t h o d . I - ~ ~ , ~ ~  These experiments  have shown t h a t  t h e  
extremely h igh  e l e c t r o n  d e n s i t i e s  p r e v a i l i n g  i n  t h e  c u r r e n t  
shee t  reg ion  and t h e  p inch  column render  convent iona l  microwave 
techniques  i n e f f e c t i v e  over much of  t h e  t i m e  regime o f  i n t e r e s t .  
A t  a t y p i c a l  i n i t i a l  p re s su re  of 120 i n  argon, f o r  example, 
maximum d e n s i t i e s  of t h e  order of  1017 electrons p e r  cub ic  
cen t ime te r  appear  t o  e x i s t  i n  t h e  p inch  column. This  i s  t h r e e  
o r d e r s  of magnitude above t h e  c r i t i c a l  o r  " c u t o f f "  d e n s i t y  of  
1014 f o r  t h e  4 mm. microwave equipment a t  hand, making 
d e t a i l e d  informat ion  on e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  
d i f f i c u l t  t o  o b t a i n .  

I n  o r d e r  t o  overcome t h i s  d i f f i c u l t y ,  a new microwave 
probing technique has  been developed which makes u s e  o f  an 
i n t e r f e r o m e t e r  arrangement t o  determine t h e  phase ang le  of  t h e  
r e f l e c t e d  wave. The phase informat ion  t h u s  obta ined  can be 
r e l a t e d  t o  t h e  electron d e n s i t y  a t  t h e  p o s i t i o n  of t h e  probe 
by t h e  f o l l o w i r ; q  ar,al;7sis 

Consider a plane,  l i n e a r l y  p o l a r i z e d  e l ec t romagne t i c  wave 
of  f requency U I ,  i n c i d e n t  upon a plasma i n t e r f a c e ,  as  shown i n  
Fig.  11. By apply ing  t h e  boundary c o n d i t i o n s  i n d i c a t e d  i n  
Fig.  11 t o  t h e  i n c i d e n t ,  r e f l e c t e d ,  and t r a n s m i t t e d  wave 
t r a i n s ,  t h e  complex r e f l e c t i o n  c o e f f i c i e n t  can be eva lua ted  
i n  t h e  u s u a l  way.II-4 I n  po la r  form, 
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w i t h  t h e  d e f i n i t i o n s :  

- - -  - propagat ion  c o e f f i c i e n t  f o r  f r e e  space kl - C 

k = - i /3 = complex propagat ion  c o e f f i c i e n t  of 
t h e  plasma 2 

c = vacuum v e l o c i t y  of l i g h t  

H e r e  OC and B are l eng thy  func t ions  of  t h e  e l e c t r o n  d e n s i t y  
2 

n ( through t h e  plasma frequency, &;-E - ) and t h e  e f f e c t i v e  

c o l l i s i o n  frequency d c h a r a c t e r i z i n g  t h e  plasma 
C 

. - 

11 
A t  t h e  probing frequency ( @ =  4.4~10 
are  r e l a t i v e l y  in f r equen t ,  y 4 < 1. 
f u n c t i o n s  of t h e  e l e c t r o n  d e n s i t y  for t h e  c o l l i s i o n l e s s  
c a s e ,  V / U  = 0, are d isp layed  i n  Fig. 12. H e r e  it i s  seen t h a t ,  
a l t hougg  1R1 i s  unresponsive t o  changes i n  n above t h e  c r i t i c a l  
v a l u e ,  t h e  phase 
1.0 n/nc c 103. 

sec-l) e l e c t r o n  c o l l i s i o n s  
YC P l o t s  o f  1RI and pr as 

@, undergoes a s h i f t  of 180°, over  t h e  range 
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T o  measure t h i s  phase s h i f t  w e  employ an in t e r f e romete r ,  
sketched schemat i ca l ly  i n  Fig. 13 which w i l l  respond t o  t h e  
r e s u l t a n t  o f  t h e  reflected wave o f  changing phase and a 
r e f e r e n c e  s i g n a l  from another  p a r t  o f  t h e  c i r c u i t .  Using a 
square  l a w  d e t e c t o r ,  t h e  response o f  t h e  c i r c u i t  t o  e l e c t r o n  
d e n s i t y  i s  shown i n  F ig .14 .  The range of measurement i s  seen 
t o  be extended t o  d e n s i t i e s  f a r  above t h e  c r i t i c a l  va lue ,  f o r  
a v a r i e t y  of  c o l l i s i o n  frequencies .  The g r e a t  s e n s i t i v i t y  o f  
t h e  cusp h e i g h t s  t o  c o l l i s i o n  f r equenc ie s  sugges t s  a r e l a t i v e l y  
simple method f o r  i n f e r r i n g  e l e c t r o n  c o l l i s i o n  f requencies .  

The above method m u s t  be used w i t h  cons ide rab le  c a u t i o n ,  
however. Because it i s  i n h e r e n t l y  l i m i t e d  t o  produce on ly  a 
s i n g l e  f r i n g e  (180° phase s h i f t )  , t h e  r e f l e c t e d  phase i n t e r -  
fe rometer  i s  c r i t i c a l l y  s e n s i t i v e  t o  t h e  d i f f u s e n e s s  o f  t h e  
r e f l e c t i n g  plasma boundary. Any plasma inhomogenei t ies  on t h e  
scale o f  a wavelength ( 4  mm) a t  t h e  i n t e r f a c e  w i l l  i n t roduce  
f i r s t  o r d e r  c o r r e c t i o n s  i n t o  e l e c t r o n  d e n s i t y  measurements 
based on t h i s  method. A c a r e f u l  s tudy  of  t h i s  problem has  
l e d  t o  t h e  development o f  a wave propagat ion  theo ry  f o r  l o s s y  
plasmas i n  which seve re  charged s p e c i e s d e n s i t y  g r a d i e n t s  are 
p r e s e n t .  I f  an exponen t i a l  v a r i a t i o n  of e l e c t r o n  d e n s i t y  of 

t h e  form n ( z )  = n [l-e -2m(z’ Ao)  ] e x i s t s  near t h e  boundary, 

f o r  example, (Fig.  15) t h e  complex r e f l e c t i o n  c o e f f i c i e n t  can 
be shown t o  t a k e  t h e  form 

00 

where K =  

J (x) = 
P 

P =  

x =  

m =  

1st kind Bessel func t ion  of  o r d e r  p 
and argument x 

251 i - K  m 

= / 1  - K  2 
m 

( 7 )  

ramp width parameter  appear ing  i n  exponen t i a l  
(def ined  i n  Fig.  15) 
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Other assumed simple d e n s i t y  v a r i a t i o n s  y i e l d  e q u a l l y  
complicated express ions .  B e s s e l  f unc t ions  o f  a r b i t r a r y  
complex o rde r  and argument do not e x i s t  i n  t a b u l a r  form, and 
numerical  r e s u l t s  f o r  d a t a  reduct ion  must  be obta ined  from a 
computer. Some of t h e s e  c a l c u l a t i o n s  have a l r e a d y  been 
c a r r i e d  ou t*  and o t h e r s  w i l l  be done s h o r t l y ,  

The probe i t s e l f ,  inc luding  s p e c i a l  components and complete 
ins t rumenta t ion  and s h i e l d i n g  f a c i l i t i e s  has  been developed and 
t e s t e d  and i s  now i n  d a i l y  use. Of s p e c i a l  i n t e r e s t  i s  t h e  
custom horn which has  been matched t o  f r e e  space wi th  a vo l t age  
s t and ing  wave r a t i o  of  b e t t e r  than  1-01 by a coated q u a r t z  
element mounted i n  i t s  mouth. '-I4, 21 A r e f l e c t e d  r a d i a t i o n  
p a t t e r n  f o r  t h i s  horn i s  shown i n  Fig.  16. A s p e c i a l  upper 
e l e c t r o d e  has  been f a b r i c a t e d  t o  accept  t h i s  horn a t  var ious  
r a d i a l  p o s i t i o n s ,  a s  shown i n  Fig.  17,  whi le  main ta in ing  t h e  
proper  vacuum. Cer t a in  waveguide s e c t i o n s  of  unusual  c o n f i g u r a t i o n  
w e r e  needed i n  t h e  br idge  c i r c u i t  of t h e  i n t e r f e r o m e t e r  (Fig.  18) 
and w e r e  f a b r i c a t e d  he re  wi th  t h e  a s s i s t a n c e  of t h e  Plasma 
Physics  Laboratory.  

A t y p i c a l  o s c i l l o s c o p e  t r a c e  obta ined  from t h e  probe dur ing  
a d i scha rge  i n  300 argon i s  shown i n  Fig. 19. The s i m i l a r i t y  
t o  t h e  t h e o r e t i c a l  c u r v e s  i n  Fig. 14 i s  ev ident .  Apparent ly  
t h e  f u l l  regime of e l e c t r o n  d e n s i t i e s  a r i s i n g  i n  t h i s  d i scharge  
i s  now a c c e s s i b l e  t o  d i r e c t  medsurement wi th  microwaves. This  
work w i l l  be e l abora t ed  and publ ished soon i n  a s e p a r a t e  t e c h n i c a l  
r e p o r t  and i n  a forthcoming Ph.D. t h e s i s .  

*We acknowledge t h e  a s s i s t a n c e  of t h e  P r ince ton  Un ive r s i ty  
and Guggenheim Labora tor ies  Computing Centers  i n  making 
t h e s e  numerical  computations. 
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V. SPONTANEOUSLY BIFURCATING CURRENT SHEETS 
(Black) 

I n  t h e  course  o f  sys temat ic  s tudy  of p inch  d i s c h a r  es 
d r i v e n  by our  t a i l o r e d - p u l s e  t r ansmiss ion  l ine,  I-14,21,2?!, 24 /32  
a novel  phenomenon has  appeared over  a narrow range o f  o p e r a t i n g  
cond i t ions :  t h e  inwardly moving c u r r e n t  s h e e t  b i f u r c a t e s  when 
it reaches  about one-half r ad ius  and t h e r e a f t e r  t h e  two components 
proceed a t  d i f f e r e n t  v e l o c i t i e s .  So f a r  t h i s  has on ly  been 
observed a t  a n  i n i t i a l  p re s su re  of  100 p i n  argon,  w i th  a d r i v i n g  
c u r r e n t  waveform l i k e  t h a t  shown i n  F i g .  20. The e f f e c t  i s  most 
d i r e c t l y  d i sp l ayed  on un in teg ra t ed  ( ? B / a t )  magnetic probe r eco rds  
which, i n  t h e i r  t i m e  dependence are  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  
s p a t i a l  v a r i a t i o n  of  cu r ren t -dens i ty  obta ined  by d e t a i l e d  c ros s -  
p l o t t i n g  and g r a p h i c a l  d i f f e r e n t i o n  of a series of  i n t e g r a t e d  
( B ( t ) )  r ecords .  For example, F i g .  20 d i s p l a y s  a aB/at r eco rd  
t aken  a t  1 .5  inches r ad ius .  The double-humped s i g n a l  seen  h e r e  
can on ly  be genera ted  by two c l o s e l y  spaced propagat ing  c u r r e n t  
s h e e t s  o f  l i k e  s i g n  fol lowing each o t h e r  i n t o  t h e  c e n t e r  o f  t h e  
chamber. 

I n  Fig.  21, w e  have p l o t t e d  t h e  t r a j e c t o r y  of  such 
humps, t o g e t h e r  w i th  t h a t  o f  t h e  luminous f r o n t ,  d e r i v e d x m  
streak-camera photographs, and the thesretical snowplow 
t r a j e c t o r y .  A s e p a r a t e  po in t  i s  p l o t t e d  f o r  each "hump" when 
b i f u r c a t i o n  commences. Over t h e  f i r s t  h a l f - r a d i u s  of  t r a v e l ,  
t h e  ( s i n g l e )  humps fo l low the  luminos i ty  f r o n t  and snowplow 
t r a j e c t o r y  q u i t e  c l o s e l y .  When b i f u r c a t i o n  occur s ,  i t  i s  t h e  
second peak t h a t  cont inues  t o  fo l low t h e s e  t r a j e c t o r i e s :  t h e  
f i r s t  hump propagates  ahead with g r e a t e r  v e l o c i t y .  

d B  

A t  t h i s  t i m e ,  w e  have only two c l u e s  t o  t h e  s i g n i f i c a n c e  
o f  t h e  fore-running pulse .  F i r s t ,  i t s  v e l o c i t y  appears  t o  be 
j u s t  t w i c e  t h a t  of t h e  main f r o n t .  This  b r i n g s  t o  mind t h e  
t w o  extremes o f  t h e  opaque-piston concept of  plasma a c c e l e r a t i o n :  
t h e  snowplow case ,  i n  w h i c n  par t ic les  " s t i c k "  t o  the p i s t o n ,  and 
hence fo r th  move wi th  p i s t o n  v e l o c i t y ,  and t h e  r e f l e c t i n g  c a s e ,  
i n  which p a r t i c l e s  e l a s t i c a l l y  ''bounce o f f "  and t h u s  a c q u i r e  
t w i c e  t h e  p i s t o n  ve loc i ty .  

Second, w e  have long searched f o r  t h e  cause of  t h e  
p r e c u r s o r  luminos i ty  which occas iona l ly  i s  s e e n  t o  ar ise  a t  
t h e  c e n t e r  of t h e  chamber s u b s t a n t i a l l y  be fo re  t h e  a r r i v a l  of  
t h e  main luminous fr0nt.I :-5 I n  Fig. 2 1  we  have a l so  i n d i c a t e d  
t h e  t i m e  of  occurrence of such p recu r so r  luminos i ty  on t h e  
c e n t e r l i n e  from s e v e r a l  s t r e a k  photographs.  These p o i n t s  a r e  
seen  t o  be reasonable  e x t r a p o l a t i o n s  of t h e  fore-running a B / a t  
hump. This  c o r r e l a t i o n  may be spu r ious ,  s i n c e  w e  have observed 
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such p recu r so r  luminos i ty ,  
f r o n t s ,  i n  cases which show l i t t l e  i n d i c a t i o n  of a b i f u r c a t e d  
c u r r e n t  d i s t r i b u t i o n .  

and even b i f u r c a t e d  luminos i ty  

The i d e n t i f i c a t i o n  of the  fore-running f r o n t  w i l l  be 
pursued i n  t h e  f u t u r e .  One i n d i c a t e d  experiment i nvo lves  t h e  
propagat ion  of a pinch i n t o  a p r e v i o u s l y  ion ized ,  low p r e s s u r e  
gas.  Such p r e i o n i z a t i o n  s t u d i e s  are not  d i f f i c u l t ,  and would 
provide  an environment which should favor  t h e  e l a s t i c  p i s t o n  
behavior  mentioned above. I f  t h i s  i s  indeed t h e  mechanism of  
t h e  f i r s t  f r o n t ,  it should be a m p l i f i e d  i n  such an environment. 
Fu r the r  d e t a i l s  of  t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n s  i n  t h e  
t a i l o r e d  p u l s e  d i scha rges  w i l l  be p resen ted  i n  a Ph.D. t h e s i s  
t o  be submit ted s h o r t l y .  
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V I  . PLASMA EXHAUST CHARACTERISTICS 

(E ckbre t h) 
WITH GAS INJECTION TRIGGERING 

The two previous semi-annual reports1'21, 29 have d e a l t  i n  
cons ide rab le  d e t a i l  wi th  experimental  s t u d i e s  of t h e  exhaust  
of t h e  pinched plasma from a n  a x i a l  o r i f i c e .  A s  d i scussed  
t h e r e ,  t h i s  process  i s  f e l t  t o  be t h e  s i n g l e  m o s t  c r i t i c a l  
s t e p  i n  t h e  composite pu lsed  plasma propuls ion  sequence o f  
p h y s i c a l  even t s ,  and probably i s  t h e  dominant f a c t o r  i n  t h e  
o v e r - a l l  e f f i c i e n c y  of devices  of t h i s  c l a s s .  During t h e  
p r e s e n t  r e p o r t i n g  per iod ,  t h e  work has  been expanded i n  
t h r e e  d i r e c t i o n s :  

1) A 135 pf  c a p a c i t o r  bank has  been assembled, 
which can d e l i v e r  7 k i l o j o u l e s  of energy when charged t o  t h e  
normal ope ra t ing  vol tage  of  10,000 v o l t s .  This ,  i n  conjunct ion  
wi th  t h e  pulse-forming techniques p rev ious ly  developed i n  t h i s  
l a b o r a t o r y ,  21, 23, 2 4 8 3 2  i s  capable  of provid ing  r e c t a n g u l a r  
waveforms of widely d i f f e r e n t  c h a r a c t e r i s t i c s .  For example, 
depending on t h e  magnitude of i n t e r - u n i t  inductance,  p u l s e s  
from 300,000 amperes f o r  10 psec ,  t o  3,000 amperes f o r  800 psec 
can be formed. The fc;rmer extreme over laps  t h e  range of  much 
of ou r  ear l ier  work; t h e  l a t te r  extreme i s  w e l l  w i t h i n  t h e  
"quas i - s teady"  regime u s e f u l  f o r  MPD a r c  s imula t ion .  

2) Magnetic probe s t u d i e s  of t h e  exhaust  plume, 
which l ead  t o  contours  of enclosed c u r r e n t  a s  a func t ion  of 
t i m e  have been app l i ed  t o  exhausts of gas- t r iggered  d ischarges ,  
which more c l o s e l y  s imula te  space o p e r a t i o n  of  t h e  a c c e l e r a t o r .  

3 )  Ion c o l l e c t i n g  probes have been cons t ruc t ed  t o  
sample t h e  ion  f l u x  along the  a x i s  of t h e  exhaust  plume. From 
t h i s  da t a ,  c o r r e l a t i o n  of the  gas a c c e l e r a t i o n  phase w i t h  t h e  
c u r r e n t  p a t t e r n s  i n  t h e  plimc z re  poss ib l e .  

The l a r g e s t  e f f o r t  so fa r  has  been devoted t o  i t e m  2 ,  t h e  
mapping of  enclosed c u r r e n t  contours  i n  t h e  plume a s  a func t ion  
of  t i m e ,  f o r  g a s - i n j e c t i o n  t r i g g e r i n g .  This  in format ion  was 
ob ta ined  i n  t h e  convent ional  way from two 16 turn-2mm:, g l a s s -  
encased magnetic probes i n s e r t e d  a t  appropr i a t e  p o s i t i o n s  i n  
t h e  f i e l d  of i n t e r e s t .  The r e s u l t i n g  c u r r e n t  contours  a r e  
s.hown i n  Figs .  22a and 22b. From comparison of  t h e s e  contours  
w i t h  Kerr-cell photographs of t h e  luminous p a t t e r n s  a t  t h e  
corresponding t i m e s ,  one i s  l e d  t o  t h e  fol lowing conclusions:  
a) t h e  c u r r e n t  contours  a r e  m o r e  d i f f u s e  t h a n  t h e  luminous 
f r o n t s ;  b) t h e r e  i s  a s l i g h t  l a g  of t h e  main c u r r e n t  zone behind 
t h e  luminous f r o n t  t r a j e c t o r y ;  c) secondary breakdowns do not 
occur  u n t i l  t h e  pu l se  reverses  r ega rd le s s  of i t s  l eng th  over 
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t h e  domain s t u d i e d ;  d )  t h e  c u r r e n t  contours  s t a b i l i z e  a f t e r  
about 6 psec and remain 
t h e  c u r r e n t  r e v e r s e s ;  e) plume c u r r e n t s  are conf ined  w i t h i n  
about 4" of  t h e  o u t e r  e l e c t r o d e ;  and f )  t h e  exhaust  v e s s e l  
appears  t o  conf ine  t h e  exhaust p a t t e r n .  

i n  v i r t u a l l y  t h e  s a m e  p o s i t i o n  u n t i l  

The m o s t  s t r i k i n g  observa t ion ,  of  course,  i s  t h e  s t a b i l i -  
z a t i o n  of t h e  c u r r e n t  p a t t e r n  i n t o  a s t e a d y  c o n f i g u r a t i o n  over  
t h e  l a s t  two- th i rds  of  t h e  1 6  psec pulse .  It i s  o f  c r i t i c a l  
importance t o  determine whether t h i s  i s  a consequence of  t h e  
c o n s t r a i n t  imposed by t h e  r e l a t i v e l y  s m a l l  exhaus t  v e s s e l ,  o r  
a m o r e  b a s i c  p r o p e r t y  o f  t h e  e j e c t i o n  process ,  and i f  t h e  
l a t t e r ,  whether t h i s  s t a b i l i z a t i o n  r e p r e s e n t s  a c e s s a t i o n  o f  
t h e  u s e f u l  a c c e l e r a t i o n  phase, o r  a convers ion  t o  a new mode 
of  acceleration a k i n  t o  t h e  s t eady  flow a c c e l e r a t o r s .  The 
p o s s i b i l i t y  of  exhaust  t a n k  i n t e r f e r e n c e  wi th  t h e  e j e c t i o n  
p rocess  w a s  t h e  primary mot iva t ion  f o r  t h e  l a r g e  P l e x i g l a s  
vacuum v e s s e l  desc r ibed  i n  Sec t ion  VIII. 

Pending completion of  t h e  n e w  vacuum f a c i l i t y ,  a p r e l i m i n a r y  
series of experiments t o  monitor t h e  i o n  f l u x  i n  t h e  exhaust  b e a m  
w a s  conducted. The primary a i m  h e r e  w a s  t o  c o r r e l a t e  such i o n  
f l u x  wi th  t h e  observed c u r r e n t  c o n f i g u r a t i o n s  i n  t h e  plume. A 
cull -------n+innal V C 1 1  c A_---- Faraday cup probe,*-5was i n s e r t e d  from t h e  rear of 
t h e  exhaust  v e s s e l  a long the  a x i s ,  as shown i n  Fig.  2 3 .  The 
probe i s  n e g a t i v e l y  b i a s e d  t o  r e p e l  a l l  e l e c t r o n s  and e x t r a c t  
i o n s  from t h e  neighboring plasma. A t y p i c a l  t r a c e  from t h i s  
probe i s  shown i n  t h e  lower h a l f  of  Fig. 24. Due t o  s m a l l  
i r r e p r o d u c i b i l i t y  i n  t h e  shock tube  t r i g g e r i n g  process ,  and t h e  
c l o s e  proximity of  t h e  probe t o  t h e  g e n e r a t i n g  area o f  t h e  plasma, 
there i s  some sca t t e r  i n  t h e  observed a r r i v a l  t i m e s  of  t h e  plasma 
a t  t h e  probe. Based on t h e s e  a r r i v a l  t i m e s  and t h e  d i s t a n c e s  o f  
t h e  probe f r o m  t h e  o r i f i c e ,  t h e  plasma v e l o c i t y  over  t h e  chamber 
i s  found t o  be approximately 25,000 m / s e c .  Th i s  va lue  i s  
comparable wi th  t h e  o r i g i n a l  r a d i a l  motion i n s i d e  t h e  chamber, 
a g a i n  suggesting t h a t  t h e  plasma i s  recover ing  a s i  n i f i c a n t  
p o r t i o n  of  i t s  r a d i a l  v e l o c i t y  i n  axial streaming. 1-31 

It i s  a lso t o  be noted t h a t  i o n  f l u x  cont inues  t o  be 
c o l l e c t e d  long a f t e r  s t a b i l i z a t i o n  of  t h e  c u r r e n t  p a t t e r n  has  
occurred  i n  t h e  plume. T h i s  would seem t o  imply t h a t  a new 
a c c e l e r a t i o n  mechanism has been e s t a b l i s h e d  a f t e r  c e s s a t i o n  o f  
t h e  m o r e  f a m i l i a r  c u r r e n t  s h e e t  "sweeping" process .  The 
s i m i l a r i t y  o f  t h e  c u r r e n t  p a t t e r n  i n  t h i s  l a t t e r  phase t o  t h a t  
of t h e  s t eady  MPD arc i s  provocat ive,  and f u r t h e r  s tudy  o f  
possible t r a n s i e n t  s imula t ion  o f  t h e  MPD i n t e r a c t i o n  i s  c l e a r l y  
i n d i c a t e d .  Study of longer c u r r e n t  p u l s e s ,  more d e f i n i t i v e  ion  
probe experiments ,  and more d e t a i l e d  c u r r e n t  mappings a l l  have 
been d e f e r r e d  u n t i l  t h e  a v a i l a b i l i t y  of  t h e  l a r g e  vacuum v e s s e l .  
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V I I .  VERSATILE, HIGH-PERFORMANCE CAPACITORS 
(Jahn, Black, Corson) 

I n  t h e  course  o f  des ign  and c o n s t r u c t i o n  of  t h e  f i r s t  
t r ansmiss ion  l i n e  u n i t  f o r  t h e  t a i l o r e d - p u l s e  s t u d i e s ,  it 
became ev iden t  t h a t  no c a p a c i t o r s  combining a l l  of  t h e  d e s i r e d  
f e a t u r e s  f o r  t h i s  type  o f  work w e r e  commercially a v a i l a b l e ,  
Indeed, t h e  two p r e s e n t  pu lse  l i n e s  employ c a p a c i t o r s  which 
l a c k  c e r t a i n  d e s i r a b l e  c h a r a c t e r i s t i c s ,  y e t  are s u b s t a n t i a l l y  
over-designed i n  many o t h e r  r e spec t s ,  and a c t u a l l y  are more 
c o s t l y  than  necessary.  

The d i f f i c u l t y  seems t o  be t h a t  no c a p a c i t o r  des igne r  
and manufacturer has  s e r i o u s l y  devoted himself  t o  t h e  r a t h e r  
unique requirements  f o r  u n i t s  f o r  pu lsed  plasma p ropu l s ion  
work. The d e s i r e d  c h a r a c t e r i s t i c s  f o r  such uni ts-- low i n t e r n a l  
inductance,  l o w  conductance, s m a l l  s i z e  and weight,  convenient 
and low inductance te rmina t ions ,  "piggy-back" s u p e r p o s i b i l i t y ,  
and good l i f e t i m e  i n  pulsed  o p e r a t i o n ,  are by no means 
fundamentally d i f f i c u l t ,  and should not  r e q u i r e  a h igh  p r i c e  
u n i t ,  bu t  p r i o r  t o  t h i s  e f f o r t ,  no manufacturer  geared t o  
t h i s  type  of  work had undertaken t h e  problem. 

Roughly one year  ago, i4r. Donald CGTSOR, p r e s i d e n t  o f  
Corson Manufacturing C o r p . ,  whose s t anda rd  c a p a c i t o r  u n i t s  
w e  have employed i n  s e v e r a l  of  our  d i scha rge  devices ,  expressed  
i n t e r e s t  i n  t h i s  problem and upon h i s  own i n i t i a t i v e  and r e s o u r c e s  
prepared  a few sample u n i t s  which r ep resen ted  s u b s t a n t i a l  
improvements i n  t h i s  type  of c a p a c i t o r .  Accordingly, funds w e r e  
inc luded  i n  t h e  c u r r e n t  g ran t  s p e c i f i c a l l y  t o  f u r t h e r  t h i s  t ype  
o f  s tudy  . 

The f i r s t  sys t ema t i c  a t t a c k  on t h e  s u b j e c t  involved t h e  
c o n s t r u c t i o n  of  f i v e  l o w  vo l tage  c a p a c i t o r s ,  a l l  of  t h e  
r e c t a n g u l a r  c o n f i g u r a t i o n  shown i n  F ig .25a ,  b u t  o f  var ious  
combinations of  dimensions, A, s, L. After 2 series o f  measure- 
ments on t h e  observed resonant  f r equenc ie s  o f  t h e s e  c a p a c i t o r s ,  
a second se t  of  t r i a l  u n i t s  w e r e  cons t ruc t ed  and t e s t e d  i n  
s i m i l a r  f ash ion .  On t h e  b a s i s  o f  t h e s e  two s t u d i e s ,  an optimum 
assignment of dimensions f o r  our  purposes  could be made, t a k i n g  
i n t o  account no t  on ly  t h e  inductance/capaci tance r a t i o ,  bu t  
matters of convenient  attachment t o  a l i n e ,  minimization of 
t e r m i n a l  inductance ,  and minimum i n t e r f e r e n c e  w i t h  a s s o c i a t e d  
appa ra tus .  Models of  t h i s  u n i t  w e r e  t hen  cons t ruc t ed  and t e s t e d ,  
and fo l lowing  f u r t h e r  minor changes, t h e  pro to type ,  h igh  
v o l t a g e  ve r s ion  i s  now under cons t ruc t ion .  

m 

A s  designed,  t h i s  u n i t  w i l l  have t h e  form shown i n  Fig.  25b 
w i t h  dimensions of about A = 8 " ,  B = 8", and C = 10". It w i l l  
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have a c a p a c i t y  of  about 7 p fd  and a resonant  frequency above 
2 m c .  I t s  double p l a t e  te rmina ls  w i l l  l end  themselves t o  
c o n s t r u c t i o n  of  very low impedance l i n e s .  Indeed, ad jacen t  
c a p a c i t o r s  may be a t t a c h e d  d i r e c t l y  t o  each o t h e r  w i t h  no 
s e p a r a t i n g  elements whatever. It i s  hoped the reby  t o  achieve 
a pulse-forming l i n e  of impedance i n  t h e  0.010 ohm range 
which w i l l  e s s e n t i a l l y  match t h e  t y p i c a l  8" p inch  d ischarge .  

4 2  



V I I I .  LARGE PLEXIGLAS VACUUM FACILITY 
(Jahn, von Jaskowsky, Clark)  

The importance of  a vacuum vessel which provides  minimum 
i n t e r f e r e n c e  w i t h  t h e  exhaust  plume i s  q u i t e  e v i d e n t ,  and has  
been c l e a r l y  demonstrated by previous  experiments i n  t h i s  
l a b o r a t o r y  and elsewhere.  The e s s e n t i a l  p r o p e r t i e s  involved 
i n  such a f a c i l i t y  are i t s  dimensions, i t s  material, and i t s  
vacuum p r o p e r t i e s .  It must be l a r g e  enough t h a t  t h e  exhaus t  
p lume does not  propagate  t o  any of i t s  w a l l s  du r ing  t h e  d e s i r e d  
obse rva t ion  t i m e s .  I ts material  should n o t  s u s t a i n  any c u r r e n t  
conduction along i t s  s u r f a c e ,  nor  s u s t a i n  any induced c u r r e n t s  
o r  o t h e r  magnetic i n t e r a c t i o n s  which could p r e j u d i c e  t h e  
e l ec t r i ca l  c h a r a c t e r i s t i c s  of t h e  plume. F i n a l l y ,  it should 
be capable  of  a t t a i n i n g  and s u s t a i n i n g  a s u f f i c i e n t l y  ha rd  
vacuum t h a t  mean f r e e  p a t h s  i n  t h e  ambient gas  are  l a r g e r  t h a n  
t h e  t ank  dimensions. Thus, w e  are committed t o  a d i e l e c t r i c  
vacuum v e s s e l ,  s e v e r a l  cubic meters i n  volume, capable  o f  
o p e r a t i o n  i n  t h e  range of 10-5 mm. Hg. (Torr ) .  

Design and cons t ruc t ion  of such a f a c i l i t y  has  proven f a r  
f r o m  t r i v i a l .  N o  g lass  manufacturer w a s  w i l l i n g  t o  undertake 
t h e  t a s k  a t  azy p r i c e .  Two b i d s  w e r e  r ece ived  from p l a s t i c  
s p e c i a l t y  houses, fo r  heavy-wall P l e x i g l a s  c o n s t r u c t i o n .  I n i t i a l  
concern about t h e  vacuum p r o p e r t i e s  of P l e x i g l a s  w e r e  a l l a y e d  by 
d a t a  supp l i ed  by t h e  manufacturer,  Rohm and H a a s  Co .  ( B r i s t o l ,  
P a . ) ,  which i n d i c a t e d  a t o l e r a b l e  ou tgass ing  l e v e l  f o r  t h e  
p r e f e r r e d  mater ia l ,  P l e x i g l a s  G. U s e  of  t h i s  material  provided 
t h e  added advantages o f  simple machining, chemical welding, and 
a t r a n s p a r e n t  f i n a l  product.  

The t ank  w a s  designed a t  our  l a b o r a t o r y  i n  c o l l a b o r a t i o n  
w i t h  t h e  chosen f a b r i c a t o r ,  E d c r a f t  I n d u s t r i e s ,  Inc. ,  (Linden, 
N. J.).  It i s  i n  t h e  form of a c y l i n d e r ,  3 f e e t  i n  d iameter ,  
6 f e e t  long, with a hemispher ica l  f i x e d  end, and a dish-shaped 
removable end. Po r t s  a r e  provided f o r  t h e  plssma a c c e l e r a t o r  
a t  t h e  removable end, f o r  t h e  i o n  probe and o t h e r  beam d i a g n o s t i c s  
a t  t h e  f i x e d  end, and each s i d e  has  f o u r  l a r g e  access p o r t s  f o r  
pumping equipment, gauges, o t h e r  d i a g n o s t i c  i n s t rumen ta t ion ,  and 
photographic  purposes.  Fig. 26 shows a des ign  drawing of  t h i s  
v e s s e l .  

The main body of the v e s s e l  w a s  formed by h e a t i n g  a 1- inch 
t h i c k  p l ane  s h e e t  of  t h e  material t o  about 300° F and a l lowing  
it t o  drape i t s e l f  over a h a l f - c y l i n d e r  mandrel, whence it w a s  
a l lowed t o  cool .  Two h a l f - c y l i n d e r s  t h u s  formed w e r e  trimmed, 
and cemented t o g e t h e r  with a "2s-18" compound con ta in ing  methyl 
me thac ry la t e  monomer and polymer, a base r e s i n ,  a c a t a l y s t ,  and 
a promoter compound. The f i x e d  hemispher ica l  end w a s  vacuum 
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formed i n  a s u i t a b l e  "p lug -as s i s t "  mold from a s i m i l a r l y  pre-  
heated 1- inch shee t  of P lex ig las .  Af t e r  trimming, it w a s  
cemented onto t h e  c y l i n d r i c a l  member. The removable, d i sh -  
shaped end w a s  free-formed i n  t h e  same way. Two l-1/2-inch 
t h i c k  s t r i p s  of P l e x i g l a s  were f i t t e d  and cemented t o  t h e  
curva ture  of t h e  c y l i n d e r  over i t s  e n t i r e  l eng th  t o  se rve  a s  
bosses  f o r  t h e  four  6-inch p o r t s  on t h e  s i d e  wal l s .  These p o r t s  
w e r e  provided wi th  interchangeable  P l e x i g l a s  covers of 1/2-inch 
p l a t e .  

Type PAS-61, a freon-cooled b a f f l e ,  a 6-inch g a t e  valve,  and a 
15  c f m  forepump. 
w e r e  r e a d i l y  e l imina ted  wi th  t h e  a i d  of a CEC Type 24-120 Helium 
Leak Detector  ( s e n s i t i v i t y  1 p a r t  H e  t o  l o 7  p a r t s  a i r  a t  0.2 p), 
a f t e r  which t h e  tank  pumped down d i r e c t l y  t o  0 .01  p. 
a l r eady  an acceptab le  opera t ing  p res su re  from t h e  mean f r e e  pa th  

c r i t e r i o n  (A NH - ' f o r  argon) ,  bu t  can probably be lowered 

f u r t h e r  by lengthy pumping. A t  p resent ,  t h e  p re s su re  r ise  when 
t h e  pump valve i s  c losed  va r i e s  from about 0.7 p/min. i n i t i a l l y  
t o  about 0 . 1  p/min. a f t e r  24 hours.  

Figure 27 shows photographs of t h e  completed product.  

The tank  i s  equipped w i t h  a CVC 6-inch o i l  d i f f u s i o n  pump, 

A few i n i t i a l  l eaks  i n  c e r t a i n  "O"-ring grooves 

This  i s  

P (PI 

The composition of t h e  gas i n  t h e  tank a t  i t s  p resen t  
u l t i m a t e  p re s su re  has been analyzed wi th  a ZEC "Diatron" m a s s  
spectrometer  and found t o  be 88% water  vapor, 11% a i r ,  and 1% 
argon p l u s  a s s o r t e d  hydrocarbons. Thus, it appears t h a t  s u r f a c e  
adso rp t ion  of water vapor, r a t h e r  than  l eaks  o r  P l e x i g l a s  
subl imat ion  w i l l  be t h e  e s s e n t i a l  l i m i t a t i o n  on t h e  vacuum 
l i m i t s  of  t h i s  device.  

Independent d a t a  on the  behavior  of P l e x i g l a s  under h igh  
vacuum condi t ions  a r e  very sparse ,  and i n  poor agreement. A s  an 
example, Fig. 28 shows i n i t i a l  ou tgass ing  r a t e  v a r i a t i o n  with 
t o t a l  pumping time, d a t a  fo r  which have been taken from r e f e r e n c e s  
11-6 and 11-7. The c c n e s  have been extended t o  b r i n g  them i n t o  
t h e  d i f f u s i o n  pump through put range a t  0,Oi j i  xhich Fs 
approximately 20 p- l i te r / second.  This  f i g u r e  i n d i c a t e s  t h a t  
t o  b r i n g  t h e  t ank  down t o  0 .01  t~ r e q u i r e s  60 o r  more pumping 
hour s ,  depending on t h e  t r u e  outgass ing  r a t e .  However, s i n c e  
t h e  primary outgassed m a t e r i a l  from P l e x i g l a s  i s  water  vapor, 
subsequent  pump-downs do not r e q u i r e  t h e  same amount of t i m e  as 
long a s  t h e  tank  has  been f i l l e d  wi th  a d r y  i n e r t  gas i n  t h e  
i n t e r i m  per iod .  

A t  t h e  p re sen t  t i m e ,  t h e  f i r s t  series of exhaust  s t u d i e s  
t o  be performed i n  t h i s  tank have j u s t  begun. 
and subsequent experiments,  as w e l l  as f u r t h e r  d a t a  on t h e  vacuum 
behavior  of  t h e  tank  w i l l  be presented  i n  t h e  next r e p o r t .  

Resul t s  on t h e s e  
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